ABSTRACT This paper focuses on high-performance motion control of the electro-hydraulic system of hydraulic presses. A detailed mathematical model of the system was constructed. An electro-hydraulic system of hydraulic presses is a kind of nonlinear system with parametric uncertainties, uncertain nonlinearities, and external disturbances. To attenuate the above effects, a nonlinear robust motion controller based on an extended disturbance observer was developed. The outer position tracking loop was designed with a sliding mode control to compensate for disturbance estimation error, while the inner pressure control loop using the backstepping method can realize accurate output force control. The stability of the overall closed-loop system based on the Lyapunov approach can be proven to be effective. Both simulation and experiment results showed that the proposed controller has a good transient-response and provides accurate position tracking in the presence of parametric uncertainties, uncertain nonlinearities, and external disturbances.
I. INTRODUCTION
Hydraulic presses are a kind of a machine tool and are widely used in various industries, such as the automobile, aerospace, and agricultural machinery industries. In a hydraulic press, force generation, transmission, and amplification are achieved using fluid under pressure. During the pressing and forming process, the hydraulic press needs to complete a process involving a cycle of acceleration, lowering in rapid traverse power, a working stoke, pressure holding, pressure relief, a slow return stroke, a fast return stroke, braking, and stop. In the process of a working stoke, it is necessary to track a predetermined trajectory [1] , [2] . However, the electro-hydraulic system of hydraulic press is a nonlinear system and subjected to nonsmooth and discontinuous nonlinearities, such as a nonlinear pressure-flow relationship, directional change of valve opening, friction nonlinearity, and external disturbances. Furthermore, parametric uncertainties exist such as effective bulk modulus, leakage coefficient of the cylinder, and hydraulic oil density. The external load on an electro-hydraulic system of a hydraulic press also involves a large unknown parameter [3] . Despite the development of advanced control strategies in the last eight decades, the proportional-integral-derivative (PID) controller remains the most widely used control strategy in industry, because of its simplicity, robust performance and high reliability. A PID controller takes the current control error (P), past control error (I), and predicted future control error (D) into consideration; it acts like human's natural responses to outside stimulation [4] , [5] . Until now, many advanced controllers have been proposed that achieved good control performance and can be compared with a classical PID controller. Strictly speaking, linear systems do not exist in practice, because all physical systems are nonlinear to some extent [6] .
The dynamics of electro-hydraulic systems are highly nonlinear and are very sensitive to any change of in the PID parameters. When the controlled plant is complex, highly nonlinear, time-varying, and uncertain, it is necessary to adjust the PID parameters. To realize better dynamic performance, modeling uncertainties caused by parameter variations (e.g., bulk modulus and unknown load inertia) and external disturbances must be well-handled by the designed controller. Applying model-based advanced nonlinear control strategies to overcome the influence of parametric uncertainties, uncertain nonlinearities, and external disturbances in an electro-hydraulic system, is the current hot topic and development direction. The nonlinear problem of an electro-hydraulic system can be solved by nonlinear control strategies. Because an electro-hydraulic system is a kind of semi-strict feedback nonlinear system, and parametric uncertainties and uncertain nonlinearities in the system are not directly related to the control law. That is, the model uncertainties of the system are not matched. This kind of system mainly uses a backstepping control approach to realize asymptotic stability [7] - [9] . The essence of backstepping is to stabilize the state of the virtual control, which can be derived by a Lyapunov function.
The effect of the external disturbances and uncertainties can be eliminated to improve the control accuracy of the system by applying an advanced control algorithm [10] . In order to obtain better tracking performance, a disturbance observer is an effective compensation method, because disturbances are not easy to measure in actual systems. In addition, a disturbance observer is widely used because of its simple structure, compensation for external disturbances, and model uncertainties [11] . External disturbances or unmodeled friction force will degrade position-tracking performance, because friction is an important source of nonlinearity in electro-hydraulic systems [12] . In the electro-hydraulic control, a high-pass disturbance observer was designed for position tracking and experimental results verified that the observer bandwidth could be cancelled. Kim et al. [13] proposed a two-order high pass filter to estimate disturbance which obtained good position tracking performance. Kim and Lee [14] estimated the torque disturbance of a variable displacement hydraulic motor and achieved good speed control. Wei et al. [15] designed a disturbance observer to estimate unknown timevarying load flow and achieved good supply pressure tracking performance. Model-based friction compensation can achieve accurate position control in machines with friction [16] . A variable structure system approach based was developed in designing observers for friction estimation and compensation in mechanical systems [17] . Han [5] , [18] proposed an active disturbance rejection control, which proved to be a capable replacement of PID in practice. In a robotic manipulator control, several disturbance observers have been applied to estimate and compensate for unknown sources of disturbance [19] , [20] .
An exact mathematical model of the electro-hydraulic system is difficult to obtain because of the existing two types of uncertainties. One is parametric uncertainty, including bulk modulus, the square root relationship between pressure, and flow, temperature, and pressure dependent oil properties, the other is nonlinearity uncertainty, including friction and external disturbances [21] , [22] . Yao et al. [23] proposed a practical nonlinear adaptive repetitive controller that would allow the model to learn and compensate for periodic modeling uncertainties with the goal of achieving asymptotic tracking performance. Yao [24] has developed adaptive robust control (ARC) theory, that when combined with both adaptive and robust control (such as sliding mode control), allows simultaneous solution systems with parametric uncertainties and uncertain nonlinearities. Guo et al. [25] , [26] has proposed a saturated adaptive control to achieve tracking accuracy under unknown plant disturbance and parametric uncertainty. At present, ARC theory has been successfully applied to metal powder compaction presses [27] , fast forging hydraulic presses [28] , linear motor driven systems [29] , [30] , multilateral teleoperation systems, etc. [31] . Yao et al. [32] employed LuGre model-based friction compensation to achieve a high level tracking accuracy for hydraulic actuators. In addition, Sun et al. [33] , [34] proposed a filter-based adaptive vibration control strategy for an electro-hydraulic active suspension to achieve closed-loop system performance and a novel model reference for adaptive control with an external filter to achieve better transient performance. Guo et al. [35] developed an extended disturbance observer to track the desired position trajectory for an electro-hydraulic system in the presence of both parametric uncertainties and external disturbance. Wei et al. [36] applied an extended fuzzy disturbance controller to the motion control of a fast forging hydraulic press and studied the low speed working systems under the action of an unknown load.
The rest of this paper is organized as follows. The second section describes problem formulation and dynamic models. The third section presents the proposed extended disturbance observer (EDO) controller design. The fourth section presents simulation setup and results. The fifth section presents experimental setup and results. The final section draws conclusions.
II. PROBLEM FORMULATION AND DYNAMIC MODELS
Hydraulic presses are suitable for a wide range of pressing, foaming, punching, and forming tasks. The electro-hydraulic system principle of the hydraulic press under consideration is depicted in Fig. 1 . The nonlinear mathematical model of the hydraulic system was derived by theoretical analysis in the paper. The load force balance equation of the hydraulic cylinder can be described as (1)
where m is the equivalent mass of the load, x P is the displacement of the load, p 1 and p 2 are the pressure inside two chambers of the cylinder, A 1 and A 2 are the area inside two chambers of the cylinder, b is the combined coefficient of modelled damping and viscous friction forces on the load, F co is the modelled coulomb friction force, G is the equivalent gravity of the load, and d is the lumped disturbance.
By neglecting both the internal and external leakage, the pressure dynamics can be expressed as (2)
The internal volume of the two chambers of the cylinder may be written as (3)
where Q 1 and Q 2 are the flow through into the two chambers of the cylinder, V h1 and V h2 are the volume of the two chambers, V 01 and V 02 are the initial volume of the two chambers, β e is the effective bulk modulus of the system, L is the hydraulic cylinder stroke. The forward and return flow through the cylinder related to the high-response servo proportional valve (HSPV) described as:
Now, by definition as:
where k qv is the HSPV flow gain coefficients, u is the HSPV control voltage, p s is the pump supply pressure, and p t is the tank pressure. Define u as the control input and define the state variables x form as:
The entire system, equations (1) to (4) can be expressed in the state space form
in which
III. CONTROLLER DESIGN
The extended disturbance observer is based on an extended state observer of x 2 which is defined by:
wherex 2p ,b andd are the estimations of x 2 , b and d, respectively.b
In (9),• represents the estimation of the parameter,• represents the estimation error of the parameter, and is defined as
The dynamics ofx 2p may be obtained as follows:
The adaptation law is designed as follows:
where k 11 and k 12 are positive constants, χ b is an extra corrector term designed to ensure the stabilizing effect of the closed-loop system which will be specified later. The simple discontinuous projection mapping has the form as
The conditions that are used in (12) to guarantees
Define a positive semi-definite function
From (9), we can deductḃ
Noting (15), the time derivative of (14) is given bẏ
Define the motion trajectory tracking error of the cylinder
where x 1d is the desired trajectory of the cylinder.
A sliding surface s is defined as follows:
where λ is a positive constant. Since G(s) = 1/(s + λ) is a stable transfer function, making z 1 small or converging to zero, this is equivalent to making s small or converging to zero.
The time derivative of (18) and noting (6), it is straightforward to obtaiṅ
Let p L = A 1 x 3 − A 2 x 4 denotes the virtual control input and let z 2 = p L − α 2 denotes the input discrepancy. In view of p L , the desired virtual control function α 2 is designed as equation (20) 
where c 1 and c 2 are both positive constants. The term −c 2 sgn (s) is designed to compensate for disturbance estimation errors and c 2 is given to satisfy
Noting (20) and (19), one obtainṡ
where k 2 is a positive constant. Noting (16) and (22), the time derivative of (23) is given bẏ
The extra corrector term χ b was chosen as:
Substituting (25) into (24) yieldṡ
Differentiating p L with respect to time yieldṡ (27) Substituting (6) into (27) ,ṗ L can be obtaineḋ
Substituting (29) into (28) yieldṡ
According to the virtual control input z 2 = p L − α 2 , one obtains
Substituting (31) into (30) yieldṡ
The following control law u is designed as
where c 3 and k 31 are positive constants. Substituting (33) into (32), the dynamics of z 2 can be obtaineḋ
Noting (26) and (34), the time derivative of (35) is given byV
Equation (36) indicates that the stability of the closedloop system consisting of the nonlinear controller; the EDO was guaranteed. Furthermore, all signals in the system were bounded under closed-loop operation.
IV. SIMULATION SETUP AND RESULTS

A. SIMULATION SETUP
To validate the performance of the proposed EDO controller, simulations based on MATLAB/AMESim co-simulation platform were performed. A co-simulation model of hydraulic press electro-hydraulic system was plotted under the gravitation conditions in Fig. 2 . In order to shorten the length of this paper, the co-simulation model was not plotted under external load conditions. The model under external load conditions can refer to the schematic diagram of the hydraulic system (Fig. 1) . The pressure setting of the relief valve was 14MPa; the working stoke stage of the hydraulic press could be simulated. The structure of the EDO controller is illustrated in Fig. 3 . The parameters of the electro-hydraulic system in simulations and the EDO controller are given in Tables 1 and 2 , respectively.
The simulation performance of the proposed EDO controller was compared with that of the ARC [22] and PID controllers. The desired displacement signals of trajectory I and II are shown in (37) and (38), respectively The PID controller parameters of trajectories I and II were tuned to the values that guaranteed the best tracking performance in the simulations and the experiments; these are shown in (39) and (40) 
V. EXPERIMENTAL SETUP AND RESULTS
A. EXPERIMENTAL SETUP
A photograph of the experimental setup is shown in Fig. 12 .
The system using a hydraulic press was mainly composed of a frame, a cylinder, an HSPV, and a slider. In the test rig, the driving actuator was controlled by a HSPV (REXROTH: 4WRREH6VB40L-1X/G24K0/B5M), which had a bandwidth above 80 Hz with a ± 100% control signal. The system state variables used in the controller, including actuator's displacement x 1 and velocity x 2 , that is, the differential of displacenment, and pressures in the two working chambers x 3 and x 4 were directly measured by transducers (WIKA: S10/0-250BAR/4-20MA/G1/4A) which had a range of 0-25 MPa. The supply pressure p s was regulated to 20 MPa. The displacement of the actuator was directly obtained by a position tranducer (SMAT: MS200-30+MR200c-3). The control strategy was carried out in the xPC Target environment, which consisted of a target computer equipped with an Table 3 . 
B. EXPERIMENTAL RESULTS
The position tracking errors of trajectories I and II are shown in Figs. 13 and 14 , respectively. The tracking error of the proposed EDO controller with trajectory I was kept within ±2 × 10 −4 m, while the tracking errors of the ARC and PID controllers were kept within ±2.5 × 10 −4 m and ±6 × 10 −4 m, respectively (Fig. 13) . The tracking error of the proposed EDO controller with trajectory II was kept within ±1 × 10 −4 m, while the tracking errors of the ARC and PID controllers were kept within ±2 × 10 −4 m and ±6 × 10 −4 m, respectively (Fig. 14) . 
VI. CONCLUSION
A nonlinear motion controller based on an extended disturbance observer was designed with a detailed mathematical model of an elecrtro-hydraulic system using a hydraulic press. The controller was made of a dual control loop comprised of an inner pressure control loop and an outer position tracking loop. The stability of the overall closed-loop system was guaranteed by the Lyapunov theory. Simulations and experiments showed that good control performance was achieved and the proposed controller guaranteed position tracking accuracy for tracking both trajectories I and II, when compared with two other controllers.
